Eucalyptus nitens Maiden (shining gum) is a frost-tolerant species of Eucalyptus that can be used as an alternative species to Eucalyptus globulus in some regions of Portugal where winter temperatures are too low. Seedlings and 1-yr-old shoot tips and nodes were used for micropropagation of E. nitens. The best multiplication rate (2.25) was obtained when seedling shoots (,15 mm) were cultured on a medium containing the major nutrients (at half-strength) and minor elements of Murashige and Skoog (1962) medium, the organics of De Fossard medium (De Fossard et al., 1974 ) and a combination of benzyladenine (0.9 mM ) and 1-naphthaleneacetic acid (0.05 mM ). Seedling cuttings (4-, 8-, and 10-wk-old) rooted well on media containing several concentrations of 3-indolebutyric acid (4.9, 9.8, and 14.8 mM ) or 3-indoleacetic acid (5.7, 11.4, and 17.1 mM ), giving frequencies of root induction above 80%. With this type of explant, root formation was also found on basal medium without growth regulators. Rooting of in vitro-propagated shoots obtained from seedlings (8-wk-old) after four subcultures (every 3 wk) was more difficult, with the best results obtained on a medium containing 14.7 mM 3-indolebutyric acid (60.0% root induction). No root formation was achieved when shoots from 1-yr-old explants were used. After a period of 4 mo., 96.3% of the plants transferred to the greenhouse survived acclimatization.
Introduction
The genus Eucalyptus includes several economically important species, mainly for pulp and paper production (McComb and Bennett, 1986) . Eucalypts originated from Australia and during the 19th century were introduced in several regions of the world (McComb et al., 1996) where they became dominant species (McVaugh, 1963) . In Southern Europe, Eucalyptus culture is now widespread, especially in Spain and Portugal. In Portugal the total area occupied by Eucalyptus plantations is about 700 000 ha (DGF, 2000) , corresponding to 21% of the country's forested area, ranking third after Pinus pinaster (29%) and Quercus suber (22%). The most cultured species of Eucalyptus in Portugal is E. globulus, commonly known as Tasmanian blue gum. However, this species is quite sensitive to low temperatures, and in colder regions freezing can cause serious damage. In these areas, other species or hybrids showing more tolerance towards freezing could be an important alternative to E. globulus plantations (Gomes, 2000) . One of these species is E. nitens (silver top or shining gum), which may occasionally reach a height of 90 m (Brooker and Kleinig, 1983) . According to several authors, E. nitens is relatively frost tolerant (De Little et al., 1992; Volker et al., 1994) . Field experiments performed in France, Portugal and Spain have shown that E. nitens trees grow well in regions (600 -1000 m altitude) where winter temperatures are too low for E. globulus growth (Goes, 1985) . In addition, E. nitens produces a pulp of high quality, probably due to its lower density compared to E. globulus (Orme et al., 1993) .
For large-scale Eucalyptus multiplication, conventional propagation techniques are still the most efficient approach (Trindade, 1996) . However, propagation through cuttings is cumbersome, and rooting of mature cuttings is quite difficult (Hartney, 1981) . According to McComb and Bennett (1986) , micropropagation may be a valuable alternative when: (1) conventional propagation is difficult to achieve, (2) problems of rejuvenation exist, and (3) pressure to increase multiplication rates occurs. Several micropropagation techniques such as somatic embryogenesis (Muralidharan and Mascarenhas, 1995; Canhoto et al., 1999) , organogenesis (Lakshmi Sita, 1979; Diallo and Duhoux, 1984; Lainé and David, 1994; Azmi et al., 1997; Arezki et al., 2000; Nugent et al., 2001) , and axillary shoot proliferation (Gupta et al., 1983; Blomstedt et al., 1991; Chang et al., 1992; Sharma and Ramamurthy, 2000) have been applied for in vitro multiplication of myrtaceous plants. Among these methods, axillary shoot proliferation is the most widely used for Eucalyptus clonal propagation. Previous reports of E. nitens micropropagation have been published by Hartney (1981) , Hartney and Baker (1980) , and Williams et al. (1992) . Protocols for somatic embryogenesis (Bandyopadhyay and Hamill, 2000) and organogenesis induction (Bandyopadhyay et al., 1999) have recently been developed. This paper reports the micropropagation and acclimatization of E. nitens from aseptically germinated seedlings and from 1-yr-old plants. For practical purposes, such methodology can be useful to propagate selected material that could increase wood quality for the pulp and paper industry.
Materials and Methods
Sterilization procedures and shoot multiplication. Eucalyptus nitens seed lot (FSA486P) was provided by Forest Seeds Australia, Victoria (Australia), via Portucel Florestal, Portugal.
Seeds were rinsed with 70% ethanol for 3 min, followed by a treatment with calcium hypochlorite (10% w/v) for 20 min. After three rinses in sterile distilled water, they were placed on the surface of a modified MS (Murashige and Skoog, 1962 ) medium consisting of the MS formulation at half-strength and 20 g l 21 sucrose (MS/2, Table 1 ). The medium was gelled with agar (7.5 g l
21
) and the pH adjusted to 5.6 prior to autoclaving (1218C, 20 min (De Fossard et al., 1974) and a combination of benzyladenine (BA; 0.9 mg l
) and 1-naphthaleneacetic acid (NAA; 0.05 mM ) were used to establish shoot tips (,1 mm) and nodal segments (20-30 mm) from 1-yr-old plants growing in a greenhouse. Three other culture media (MS/2B1, FSB, and MSW; Table 1) were also tested to establish shoot tips from 1-yr-old plants. A total of 336 shoot tips and 120 nodal segments were introduced in vitro.
Cuttings from 8-wk-old seedlings possessing two leaf pairs, without the shoot tip (,15 mm), and shoot tips or nodes from 1-yr-old plants were used for shoot multiplication. Four culture media (Table 1) were tested with the seedling cuttings (MS/2B, MS/2B1, FSB, and FSB1). A total of 320 explants were cultured corresponding to 80 seedling cuttings per culture medium (10 cuttings £ eight replications). In all the experiments test tubes ð25 £ 150 mmÞ containing 20 ml of culture medium and covered with plastic caps were used. The multiplication rate was evaluated by the number of clusters formed per tube after three subcultures, at 3-wk intervals in the same culture medium. FSB medium (Table 1) was used for culture of shoot tips and nodes. The multiplication rate was evaluated every 3 wk for 6 mo., corresponding to eight subcultures into the same media. When necessary, shoot elongation was promoted before rooting on an elongation medium (EM) consisting of the nutrients of the MS/2B1 medium (Table 1) , 0.29 mM gibberellic acid (GA 3 ) and charcoal (15 g l 21 ). Rooting. Three types of explants were tested for rooting ability: (1) shoot apices (12-20 mm) from young seedlings (4, 8, and 10 wk of germination), (2) shoots propagated in vitro from 8-wk-old seedlings after four subcultures, and (3) shoots from 1-yr-old plants. Rooting ability was assayed in darkness on a basal medium (RM) containing Knop macronutrients (Gautheret, 1959) , MS micronutrients (without KI) and De Fossard organics (without riboflavin). 3-Indolebutyric acid (IBA; 4.9, 9.8, and 14.8 mM ) and 3-indoleacetic acid (IAA; 5.7, 11.4, and 17 .1 mM ) were tested for root induction. As soon as root primordia became visible (after 7-11 d on rooting medium), the rooted shoots were transferred to a plant growth regulator (PGR)-free medium containing 15 g l 21 of charcoal for root development. After 5 wk on this last medium the plantlets were transferred to the greenhouse and the percentage of shoots forming roots was recorded. A total of 630 shoots was tested (10 shoots £ three replications £ seven auxin treatments £ three explant types).
The effect of the shoot multiplication media on rooting was examined. In this case shoots were first grown on different media and then induced to root. Some of the shoots were first transferred to the elongation medium before root induction. A total of 720 shoots were used in this set of experiments. Shoots from 1-yr-old plants were also tested for rooting on RM medium after elongation on EM. About 90 shoots were tested.
Acclimatization. Following root formation, the plantlets were transferred to the greenhouse. After agar removal with tap water, the plantlets were immersed in a solution containing 0.6 g l 21 of a fungicide (Benomil). Plantlets were then transferred to 'Melfert' bags (220 ml) containing vermiculite and 'Osmocote' slow-release fertilizer (0.6 g per plantlet). The plantlets were placed in containers ð60 £ 40 cmÞ and covered with plastic to maintain a high humidity environment. The containers were placed on an irrigation sheet in a greenhouse. The levels of humidity were gradually decreased by raising the covering plastic. After 4 mo., plant survival rate was determined and the effect of auxin concentration and explant age (4-or 10-wk-old seedlings) on plant acclimatization was evaluated.
Statistical analysis. All quantitative data expressed as percentages were first submitted to arcsine transformation and the means corrected for bias before a new conversion of the means and standard deviation (SD) back into percentages (Steel and Torrie, 1981) . Statistical analysis was performed by ANOVA (Statgraphics 7.0) and the significantly different means ðP # 0:05Þ were identified by using the Duncan's test (Duncan, 1955) .
Results
Phase I -Establishment. Seeds of E. nitens showed a high germination rate ð94:3%^1:16Þ and low levels of contamination ð1:3%^1:22Þ: When explants from 1-yr-old plants were used, the degree of contamination was related to the type of explant used. Shoot tips showed practically no contamination (, 2.0%), whereas nodal segments showed levels of contamination higher than 50%. The best results concerning the establishment of explants from 1-yr-old plants were obtained on FSB medium, where about 36% of the inoculated explants (shoot tips, Fig. 1a) were established ( Table 2 ). The low rate of establishment (10%) of nodal segments (Fig. 1b) introduced only in MS/2B medium (Table 2) was due to the high levels of explant contamination.
Phase II -Shoot multiplication. After three subcultures, cuttings from 8-wk-old seedlings showed significant differences in the multiplication rate according to the culture media used (Table 3 ). The best results were obtained on MS/2B medium containing 0.9 mM BA and 0.05 mM NAA (Fig. 2a) in which the multiplication rate was 2:25^0:054: Analysis of variance indicates a significant interaction ðP # 0:05Þ between basal media and PGRs (Table 3) .
After 9 mo. in culture, the results obtained with material from 1-yr-old plants showed that shoot tips were more suitable for shoot proliferation than nodes (Table 4 ; P # 0:05). During eight subcultures on the multiplication medium (FSB) shoot tips showed higher multiplication rates and a continuous propagation free of pathogens (Fig. 2b) , allowing us to obtain 122 clusters during the multiplication phase (Table 4) . When nodes were used, bacterial contamination was often present, reducing the propagated material to only two clusters (Table 4) .
Phase III -Rooting. Shoot apices from young seedlings rooted in all the rooting media tested. Root primordia were produced during exposure to the auxin (Fig. 3a) and further root development occurred on a medium without PGRs (Fig. 3b) . In general, root 
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formation was not accompanied by callus formation. High frequencies of root induction (over 90%) were obtained in practically all media tested, even in the control (without PGRs). IBA treatments (9.8 or 14.8 mM ) for the 10-wk-old seedlings resulted in slightly lower rooting frequencies (around 80%) than in the other treatments (data not shown).
When shoots propagated in vitro were rooted, the frequencies of induction were lower than with shoot apices from seedlings. Best results (up to 60% root induction) were obtained when 14.8 mM IBA was used (Fig. 4) . Analysis of variance showed that the most important factor for root induction was the auxin concentration ðP # 0:05Þ and that there is no interaction ðP . 0:05Þ between the two factors analyzed (IBA concentration and shoot multiplication or elongation media). The type of medium where the explants were propagated or a previous culture on the elongation medium did not seem to have a positive effect ðP . 0:05Þ on further root formation (Fig. 4 ). Under the conditions tested, rooting could not be induced on shoots from 1-yr-old plants.
Phase IV -Acclimatization. When rooted plantlets (Fig. 5a) were transferred to the greenhouse after 5 wk on root development medium, they were healthy and showed no callus formation at the shoot base nor apical necrosis (Fig. 5a ). Secondary roots were normally present on the rooted plantlets (Fig. 5a) . After a period of 4 mo. in the greenhouse (Fig. 5b) , the plants showed a survival rate between 93.0 and 100%, with a mean survival rate of 96:3%2
:40: When the survival rate in the greenhouse was plotted against the auxin treatment, the results showed that the auxin treatment had no statistical effect on further survival of the plants in the greenhouse (data not shown).
Discussion
The results obtained in this study show that seedling cuttings of Eucalyptus nitens are more amenable to micropropagation than explants from 1-yr-old plants. Poor shoot proliferation was also When 1-yr-old plants of E. nitens were used in our assays, shoot tips proved to be easier to propagate than nodes, in part because node cultures showed a high degree of contamination. Difficulties in the propagation of E. nitens from axillary shoots were also reported by Durand-Cresswell and Nitsch (1977) .
Our results also show that E. nitens propagation can be carried out in a medium containing a low auxin/cytokinin (NAA/BA) ratio, which reduces callus formation and prevents the possibility that variants can occur among the regenerated plants. A combination of NAA and BA was also used for shoot multiplication of E. nitens by Furze and Cresswell (1985) . However, other combinations of auxins and cytokinins have been used with success for axillary shoot proliferation in E. nitens such as BA/IBA (Hartney and Baker, 1980) , BA/NAA (Hartney, 1981) , IAA/zeatin (Williams et al., 1992) , and thidiazuron/NAA (Tibok et al., 1994) .
The rooting phase is frequently considered a critical and limiting step in micropropagation of woody plants (Hartney, 1982; Bennett et al., 1994) . Our results indicate that in vitro-propagated shoots are more difficult to root than seedling cuttings and that excised shoots rooted with either IAA or IBA. In fact, seedling cuttings rooted at high rates even on medium without PGRs, thus preventing callus growth and increasing the potential for acclimatization (McComb and Bennett, 1986) . Rooting of juvenile explants of Eucalyptus on PGR-free media is not unusual and has been obtained in some cases (Lakshmi Sita, 1979 , 1986 . However, in other situations only very sporadic rooting was obtained on PGR-free media and it was necessary to include an auxin (Blomstedt et al., 1991) . Sankara Rao and Venkateswara (1985) in E. grandis and Williams et al. (1992) in E. nitens showed also that juvenile material was more amenable to rooting than explants from adult plants. These last authors working in E. nitens also showed an inverse correlation between seedling age and rooting ability. Thus, only 16% of the explants rooted when 8-wk-old seedlings were used. By contrast, our results showed that 10-wk-old seedlings still have great potential to produce roots, showing frequencies of induction around 80% in all tested media. These contradictory results can be explained by the different culture conditions used and/or by the genetic differences in plant material. As pointed out by several authors, root induction is dependent on a large number of factors, including genotype and culture conditions (Hartney, 1982; Le Roux and Van Staden, 1991; Bennett et al., 1994) . Seedling explants can be used to work out the culture media and conditions likely to be suitable for the adult material (McComb and Bennett, 1986) . However, in our experiments, we concluded that the conditions applied to young material are not the most suitable for rooting of in vitro-propagated explants since, in the latter case, the frequencies of induction were much lower. In some cases it has been shown that shoots are easier to root when an elongation medium is used before root induction (Durand-Cresswell et al., 1982; Hartman et al., 1997) . This does not seem to be the case in E. nitens, where the transfer of the shoots to an elongation medium did not increase root formation. This could be explained by the presence of GA 3 in the elongation media, which seems to have a deleterious effect on root formation (McComb and Bennett, 1986) .
According to Kirdmanee et al. (1995) , the success of in vitro propagation can be effectively evaluated by the number of plantlets that are successfully transferred to greenhouse or field conditions. Our assays with E. nitens have shown that plantlet survival rates after 4 mo. in the greenhouse were over 90%, indicating that the protocol used is effective for plant acclimatization. These survival rates were independent of the concentration of IBA used during root induction and are not very different from the results obtained in other Eucalyptus species (Sharma and Ramamurthy, 2000) .
Although multiplication of woody plants from juvenile organs is not a satisfactory way of preserving the characteristics of desirable strains, our results may give indications for the development of a protocol for clonal propagation of adult material. As pointed out by Chaperon (1991) of Eucalyptus find their justification in increasing the productivity of the forest and extending the growing sites to drier, hotter, or cold areas. An effective protocol for in vitro multiplication of E. nitens from selected seeds can be quite useful to obtain a desired number of plantlets necessary to test this species in areas that are not suitable for Eucalyptus globulus.
